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SUMMARY

Under the assumption that the operational gust or gust-load his-
tory of an airplene is a Gaussian rendom process with a single param- —
eter, the root-mean-square value, relations are derived between the
probability distribution of the root-mean-square acceleration and the
associated number of pesk accelerations above given values. These rela-
tions are then used in the analysis of available operational gust-load
data In the form of pesk counts to derive estimates of the probability
distributions of root-mean-square acceleration. These probability
distributions are then transformed on the basis of slrplane-gust-response
theory in order to derive the associated probabllity distribution of
root-mean-square gust veloclty. The application of these results to
the calculation of load histories is also consldered briefly.

INTRODUCTION

During the last few years, advances have been made in the analysie
of alrplane behavior in rough air through the application of the tech-
niques of generalized harmonic analysis (refs. 1 to 7). The application
of these techniques is based upon the representation of atmospheric tur-
bulence as a continuous rendom disturbance characterized by power-
spectral-density functions and certain probability distributions. The
power spectrum of the turbulence is then used slong with the airplane
response characteristics to determine the power spectra and other sta-
tistical characteristics of the alrplane loads or motions in rough air.
The application of this approach to the problem of calculating load
histories for operational flight requires detailed information on the
spectrum of turbulence in the atmosphere. The information required may
be considered of two types: detalled information on the spectrum of
turbulence and its variatlioms, and informstion on the probability of

encountering the various spectra.
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A few measurements of the power spectrum of atmospheric turbulence
have so far been made; most of these are summarized in reference 5. These
measurements indicate that, over most of the frequency renge of interest,
the spectra are inversely proportional to the square of the frequency and
may be approximated by simple analytical expressions such as have been
used in wind-tunnel studies of 1sotroplec turbulence. Also, the intensity
of the turbulence as given by the rooct-mean-square gust veloclity varied
appreciably with the weather conditions. These results thus appear to
provide some information on the power spectrum and its variations. They
do not, however, provide any informetlon of the second type required,
that is, information on the probabillty of encountering the various
spectra in actual operations.

The only source of information on the probability of encountering
the various conditions of-atmospheric turbulence appears to be the con-
slderable body of statistical data concerning atmospheric turbulence and
alrplane loads in rough air that has been collected by the National
Advisory Committee for Aeronautics in the last 20 years. (See, for
example, refs. 8 to 12)., These data have, in most ¢ases, been obtained
from alrplane acceleration measurements in normsl operations, although,
in some cases (ref. 10}, the data were obtained in special flight investi-
gations. These data are generally given in the form of the number of
peak accelerations or effective (or "derived") gust velocitles per second
which exceeded given values and in this form do not appear applicable to
spectral methods of analysis.

Fortunately, in the theory of random processes, relations have been
derived (ref. 13) between peak counts (such as have been made for normal
acceleration) and the assoclated power spectra. These relations apply
to the case of a stationary Gaussian random process, the stationarity
of the process implying that 1ts characteristics do not change with time
and the term Geusslan designating a process characterlzed by a Geussian
probebility distribution for the ampllitude of the disturbance as well
as for its time derivatives. The approximetely Gausslan character of
turbulent velocity fluctustions has been noted and, for the case of
atmospheric turbulence, results reported, for example, in reference 3
appear to support such an assumption. Inasmuch as the intensity of
turbulence is known to vary widely with weather conditions, the overall
gust and load experience iIn operations cannot be considered a stationary
Gausslan process. If the operational gust history 1s considered to be a
nonstationary Geusslan process varying only in intensity or root-mean-
square gust velocity, the problem of specifyling the gust history is
reduced to that of specifyling the probability distribution of the root-
nmean-square gust velocity. For this case, it appears possible to extend
the results of reference 13 for the statiocnary Gaussian process in order
to derive a basis for estimating the dilstribution of roct-mean-~-square
gust velocity from counts of acceleration peaks.
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In the present paper, some techniques are developed and applied for
the estimation of the probebility distributions of root~mean-square accel-
eration and root-mean-square gust velocity from dats on peak gust accel-
erations obtained in airplane operations. As an initial approach, it is
assumed that the root-mean-square gust velocity has only several discrete
and unknown values. On this basis, a graphical procedure is devised for
the determination from dasta on peak accelerations of several root-mean~
square accelerations and their associated probabilities of occurrence.
This procedure is applied to data from a number of operational load his-
tories and the appropriaste root-mean-square asccelerations and associated
Probabilities are determined. These root-mean-square accelerations are
then transformed in order to obtein the associsted values of root-mean-
square gust velocitles on the basis of an assumed turbulence spectral
shape and average values for the parameters of each of the airplanes.

As a further extenslion, the gust experience is considered to con-
g8ist of a continuous variastion in root-mean-square gust velocity. Based
on the earller results on discrete values of root-mean-square gust
velocity, estimates are made of the form of the probability distribution
of the root-mean-square gust velocity experienced in operations. Three
single-parameter probabliity distributions are considered and the asso-
ciated number of peak loads per second exceeding given levels is calcu-
lated. These results are then compared with avallable experimental data.
The epplication of the foregoing results to the calculsgtion of alrplane
gust=1load and other response histories in rough alr is also considered
briefly.

SYMBOLS
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8n acceleration, g units
al,ae,a3 scale parameters in distributions, f(aén)
by 5bpsbs scale parameters in distributioms, %(UU)
c average chord, ft
£(%n) probebility density distribution of oy
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?( oy) probability density distribution of oy
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alrplane gust-response factor

hw

alrplane mass parameter ——
rp e ) Z1pST

scale of turbulence

average number of meximms per second exceeding glven value
of a, 1in operations ' '
slope of 1ift curve per radian

average number of maximums per second exceeding gilven value
of specified argument for Gaussian disturbance

proportion of total flight time

wing area, sq ft

ratioc of chord to turbulence scale, /L
specified time, sec

time, sec

gust velocity, ft/sec

true airspeed, fps

airplane weight, 1b

random function of time

roct-mean-square normal acceleration, ft/sec2

air density, slugs/cu ft
1/2

root-mean~-square deviation, (yz(t))
power-spectral-density function,

1 T e
lim f y(t)e 1 gt
T —) w 2¢T [J T



NACA TN 3362 _ 5

Q frequency, %, radians /ft

w frequency, radians/sec

METHOD AND ANALYSIS
Basic Method
In the present analysis, use willl be made of some concepts and

results in the theory of random processes. The theory of random proc-
esses is a recently developed branch of probability theory and the

aspects of the theory pertinent to the present applications are described
in some detail in reference 13. In particular, the relstione between
peak counts and spectra for a stetlonary Gsussian rendom process whilch
will be used in the present study are derived therein. Some general
aspects of random-process theory are also covered in references 14 and 15.

In many recent studles of airplane behavior in rough air, atmos-
pheric turbulence 1s generally considered a stationary Gausslan random
process. The assumption that turbulence is & Gausslan random process
sppears warrented by the spproximate Gaussian character of turbulent
velocity fluctuations. The assumptlion of stetionarity lmplies that the
statistical characteristics of the turbulence are invariant with space
and time and also appears warranted for many purposes. For present
purposes (in which the overall gust and load experience of an airplane
in operational flight is of concern), however, the process cannot be con- -
sidered a simple stationary one, inasmuch as the turbulence character-
isties of the atmospheric are well known to vary wildely wilth weather
conditions, particularly in regard to the intensity of the turbulence.

In order to eccount for the variatlons in atmospheric turbulence
with weather condition, it will be assumed that turbulence 1s only
locally Gausslan and stationary; that 1s, its statistical characteristics
are Gaussian and invarlant in a given restricted region and for a short
time but vary, particularly in intensity, from time to time and plsce
to place. This assumption impllies that the region or time is small
relative to the entire flight path or flight duration but large enough
for statistical equilibrium to be achieved. On this basis, the overall
turbulence experienced by an airplane in given operations is not a sim-
ple Gaussian process but consists of the summation for appropriate
exposure times of a serlies of elemental Gaussian processes. If the tur-
bulence is taken to vary in intensity only, this scheme may be considered
to be a single-parameter Gaussian process.

If the airplane response to turbulence is assumed to be linear, as
assumed in the present analysis, the response such as the load history
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to each elemental turbulence process is likewlse a Gaussian process aend
the overall operationasl load history may in turn also be considered to
consist of-a summation of the loads for the varlious elemental Gaussian
turbulence disturbances. The particular advantage of this scheme for
present purposes 1s that it permits the use of relations between peak
counts and spectra salready derived for the statlionary Geussilan case in
reference 13.

The foregoing conslderations form the basls for the present anaslysis.
They will be applied In order to estimate the probability distribution of
root-mean-square acceleration from operational data on peak acceleretions.
These estimates of the distribution of root-mean-square acceleration will
then be used iIn order to obtain the assoclated probability distributions
of root-mean-square gust velocity.

Relations Between Number of Peaks and Spectra

Simple Gaussian case.- The asymptotic relation between the average
number of maximums per second exceeding a given value and the spectrum of
a stationary Gaussiasn disturbance y(t) has been derived in reference 13
and is for large values of y given by (see appendix)

% 1/2
w2 (w)de
L o(w)dw

where

N(y) average number of maximums per second exceeding given values
of ¥

w frequency argument, radians/sec

o(w) power-spectral-density function of random disturbance y(t)

o® =/;w o(w)dw

Equetion (1) 1s the exact expression for the number of-crossings per
second with positive slope of given values of y but is an approximate
expression for the number of meximums above a glven value of y. Equa-
tion (1), however, appears to be an sdequate approximation to the num-
ber of peaks for present purposes as indicated in the appendix and will
form the basis for the present analysis.

T
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Examination of equation (1) indicates that the number of peaks per
second sbove given values depends upon the spectrum @{w) and upon 02,
which is the area under the spectrum. If it is assumed that the spectral
shape of turbulence is invariant with weather conditions (as suggested by
availsble measurements) and varies only in intensity or root-mean-square
gust velocity, the output spectrum o(w) for scceleration &, for a

glven ailrplane under given operating conditions is likewise invariant in
shape. Under these conditions, the coefficlent of the exponential term
in equation (1) is & fixed constant and equation (1) may be written as

N(ep) = Ce_anz/202 (2)
where the constant C 1is
o 1/2
. fo 2 o(w)dn
C = — e (5)
an f o(w)dw
0

The constant C gives the expected number of crossings per second with
posltive slope by y(t) of the value of zero. Because of the invariance
of the shape of Q(m), the quantity. C 1s independent of the turbulence
intensity. It has the dimensions of a frequency and in the present appli-
cations can be considered a characteristic frequency of the airplane
response to turbulence.:

Taking the logarithm of both sides of equation (2) ylelds

2
L=2C —i- (h‘)

where L = log N(ay) and C; = log C. Equation (4) indicates that the
log N(ap) 1s a linear function of a,° with slope equal to -l/bd2.
Thus, for a stationary Gaussian disturbance, the root-mean-square

value ¢ may be obtalned simply from the slope of the line for the num-
ber of peaks when plotted on semllogarithmic paper as & functlon of ane.

A representative distribution of the number of peak accelerstions
per second (both positive and negative peaks) cbtained from operations
of a transport airplane is shown as the solid curve of figure 1(a) as a
function of ang. The data are given, as is generally the case, for a

threshold value of 0.3g. The distribution eppears concave upward and
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departs considerably from the streight lines that would be expected for
a simple stationary Geussian disturbance on this plot. It is thus clear
that the overall distribution of peak accelerations cannot be adequately
represented by the simple Gaussian case. In order to obtain a more ade-
quate representation of the operational load history, it is necessary to
account for the wide varlations of turbulence intensity associated with
different weather conditions. It appears possible to account for these
wide variations in turbulence intensity by considering the load history
as a composite of Gaussian processes differing in intensity. This
approach is appllied in the following paragraphs.

Composite Gaussian case.- If the overall operational load history
(in terms of the average number of acceleration peaks per second
exceeding given values) is considered to consist of various exposure
times to different Gaussian disturbances, the average number of peaks
per second exceeding given values is given by

k
M(ap) = E PyNj (a8y) (5)

where P4 1s the proportion of total flight at the ith condition and
Ni(an) is the number of peak accelerations per second exceeding given

values of acceleration at the ith condition. In this form, equation (5)
is general and permits accounting not only for variation in the spectrum
of turbulence but also for variations in airplane response characteristics.

If equation (2) is substituted into equation (5), there 1s obtained

k a2 /20 2
1
M(en) = > CsPse ° (6)

In order to simplify equation (6) to a form suitable for the present
purposes, it will be assumed, as previously indicated, that the spectrum
of atmospheric turbulence is invariant in shape but varies in intensity
or in root-mean-square gust velocity. This assumption is suggested by
the available measurements of turbulence spectra and appears reasonable
for present purposes. It willl be assumed further that the response
characteristics for & particular airplene in operation may be represented
by a single response function such as obtained for averasge values of ‘the
airplene and operating parameters of weight, airspeed, and density.
Under these conditions, equation (6) may be written for this, the dis-
crete case, as .
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k -an.2 /0 2
M(ag) = C é pe B/ (7

where the quantity C is, as in equation (2), fixed for a given airplsene.
The continuous form of equation (7) is given by

M(ag) = Ck/;w f(c)e_an%/éoedc (8)

where f£(o) is the probebility distribution of o and the quantity
f(c)do can be considered to represent the proportion of total flight
time spent at root-mean-square values o to o + do.

The relations between the number of peaks and the root-mean-square
values of the random process given by equation (7) for the discrete case
and equation (8) for the continuous case will form the basis for the
analysis of operational data on peak loads in the followlng sectilons.

A number of operational load histories will first be described in terms
of the proportions of flight time P; spent at various levels of og,

for the discrete case and then in terms of continuous distributions £(o).
These distributions of root-mean-square accelerations wlll then be trans-
formed in order to obtaln the assocliated distributions of root-mean-
square gust veloclty.

Distribution of Root-Mean-Square

Acceleration for Discrete Case
Graphical procedure.- As previocusly indicated, the operational load
history in terms of the number of peaks per second exceeding given values

is for a particular alrplane given by equation (7). Each of the terms
of the summation of equation %T) is glven by

2 .
M4 (an) = C'Pie-anz/EGi (9)

which, as previously noted, ylelds a straight line of slope —1/2012 if
log M(ap) is plotted as a function of ana. This conditlon suggests

that the overall operational loads for a given operation when plotted in
this specified form are built up of straight-line or Gaussian components.
A simple trial shown in figure 1(a) indicates that a good approximstion
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to M(an) can be obtained with only a few components. The values for
the three components shown add up to give the dashed curve which i1s seen
to be a close approximation to the overall load history. The procedure
devised for the determination of these straight-line components consists
of the following steps: First, line (1) is obtained by taking a tangent
to the tail of the observed distribution; line (2) is then taken from
the point on line (1) which underestimates M(aﬁD by one-half and drawn

tangent to the upper part of the overall load-hlstory curve. The third
line, if-required, is then obtained from line (2) in the same manner that
line (2) was obtained from line (l). The sum of the values of the lines
obtained in this manner will generally yleld a good approximation to the
observed distribution, as willl be seen subsequently.

The procedure outlined in the preceding paragraph for obtaining the
linear components of the observed distribution is somewhat arbitrary.
Several alternative procedures were also considered and discarded. These
procedures included the selection of the first component at the upper end
of the curve and the use of specified combinations of slopes corresponding
to gilven values of root-mean-square gust velocities (which might be con-
sidered averages for various weather conditions such as clear-air tur-
bulence and thunderstorms). These alternative procedures appesred to
offer no significant advantages and had the additional undesirable char-
acteristic of ylelding & poorer approximation at the larger values of
acceleration which are of greatest interest.

It will be recalled that the slopes of the lines in figure 1(a) are

equal to -1/2012, .-1/2022, and —1/2032 where oy, 0o, and 0%,
respectively, represent the root-mean-square acceleration for the three
effective Gaussian components. The values for the case represented in
figure 1(a) are o; = 0.430, o, = 0.247, and o3 = 0.147. These values,
01, 0o, and 03, for the acceleration components are used subsequently

to obtaln the assoclated root-mean-square gust velocities for these
Gaussilan components.

In order to estimate the values of the proportion of total flight
time Py for the ith condition, it will be noted from equation (9) thet

for each component

Py = _Mﬁ)_ (10)

Y/
Ce an</204

where Mi(an) is the number of accelerations per second exceeding &,

for the ith condition or component. The numerstor of equation (10) may
be obtained directly from the line for each component in figure l(a).
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The denominstor of equation (10), as would be expected, is the total num-
ber of peak acceleratlions per second exceeding 8y that would be experi-

enced, if the airplane spent all its f£light time st the indicated root-~
mean-square value. The value of the denominator is seen to depend upon
the value of the constant C. The determination of the value of C for
a given case from its definition (eq. (3)) appears Impractical for pres-
ent purposes, since it depends upon the acceleration power spectrum which
cannot be determined from the type of records avallable. The value of C
may, however, be estimated from short samples of the acceleration time
history in homogeneous rough alr since i1t is equal to the average nmum-
ber of crossings per second of zero acceleration. Unfortunstely, the
f1lm speed for the records available (2 to 8 feet per hour) wes too slow
to permit counts of the number of zero crossings with any degree of
relisbility. As an alternative procedure, it was found more convenlent
to obtaln values for the related quantity 02 defined by :

N
. 1/2
a” () daw
c. - L |J0 -2
o(w)dw (11)
0
= 0.135C J

which is seen from equation (2) to be the number of maximums per second
exceeding a value of acceleration equal to 2¢. On this basis, the propor-
tion of the total time spent at a gilven root-mean-square accelerstion g3

is glven by the alternative expression

P; = lii_(gi_) _ _ (12)

2Co

where Mi(aoi) is the average number of exceedances per second of 20;

for the linear component. (The factor 2 is included in the denominstor
since the operational-loads date, as is generally true, include minimms

as well as maximums.) This relation is used in the subsequent analysis of
the operational-loads data. For the illustration of figure '1l(a), the values

of Ml(20'l), M2(20'2 ), and M5(2c3) are indicated by ticks on the fig-

ure and are 4.3 X 10'6, 3.2 x 1077, and T.4 X% 10’5. The sum of the P's
will in any case be less than one, the remaining time being in either
smooth ailr or very light rough air which does not contribute many peak
values above the threshold value.
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Application of graphlcal procedure to operational data.- The proce-
dure outlined provides & method for the representation of the operational-
load history in terms of a few quantities: two or more root-mean-square
accelerations Gys Toy = o =) and the assoclated proportions of flight

time Pl, Py, . . .« spent at these root-mean-square acceleration

values. This procedure has been applied to a series of eight operational
load histories obtained from NACA VGH records. The scope of the data
conslidered is summarized in table I. The data were obtained from six
different types of transport alrplanes with the samples 5, 6, and T
representing the same airplane type flown by different operators. The
pertinent airplane characteristics and operating conditlions are given

in table II. These data include estimates of the average flight alti-
tude, average flight speed, and average weight. The distributions of
peak acceleration measured In flight are given in table III. Values of

C and C, were estimated in most cases from sectlons of record obtained

in continuous rough air by counting the number of peak accelerastions
exceeding 20 and are given in table IV. The measured distributions

of acceleration increment for the eight samples are shown in figures 1l(a)
to l(g), the illustration previously considered being sample 1 shown in
figure 1(a). The subdivision of the distribution into Gaussiasn com-
ponents in the manner previously described is also indicated by the

dashed lines in each case. The values of 0y and Pj for each operation
obteined from the slopes of the linear components and the values of M(Eoi)
were determined in each case and are summarized in table IV.

The results of figure 1 and table IV indicate that the operational
load histories can, in most cases, be reproduced by numbers of the order
of 1 percent of the flight time at Oap = 0.15g and 0.05 percent of the

flight time at Gan = 0.3g. In some cases, three components were found

desirable. Actually, the total flight time in rough air is considersbly
higher than the 1 percent indicated by these values, as previously men-
tioned, and should probably include perhaps as much as 10 percent at a
lower velue of o of the order of 0.05. This flight time would yleld
the primary contribution to the number of peak accelerations at values
of &, below 0.3g but contributes only a few peak accelerations above
the threshold value of 0.3g used 1in the data evaluetlions considered
herein. :

Distribution of Root-Mean-Square Acceleration
for Continuous Case
The representation ofthe load experience in the previous section
in terms of a few discrete values of root-mean-square acceleration is &

simplification, since atmospheric turbulence may actually be expected
to cover a continuous variation in intensity. In this section, the
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problem of estimating the associated ‘continuous distribution of root-
mean-~-square acceleration from the overall pesk counts will be considered.

The determination of the actual probebility distribution of root-
mean-square acceleration f(o) from a given peak-load history requires
the solution of the integral equation given by equation (8). Since it
does not, in general, appear possible to represent the load experience,
in terms of the number of peak accelerations above given values, by a
simple function, an effort was maede instead to estimete f(o) directly
in simple form, based on the results obtalned in the preceding section.
Equation (8) is then integrated and the results obtained are compared
with the operational data.

Consideration of the values of P and o 1n table IV suggested
that the distribution of ¢ decreases rapidly with increasing values
of o and might be approximated by simple exponential distributions.
On this basis (o 2 0), three exponential-type probebility density func-
tions were considered, namely,

Case a:
_aq2 2
£, (o) = EJ'—Ee ? /28'1
1
Case Db:
£p(0) = L &™/e2 - (13)
2
Case c:
f5(c) = -3 e'\E/aﬁ
2&52

For each case, a 18 a scale parsmeter, larger values of a repre-
senting more severe load histories. The three distributions are shown in
figure 2 for values of a =1 and, in order, are seen to have increas-
ingly larger areas at the higher values of o. These functions, by the
definition of a probablility density funection, all have unit area.

Case a.- If 1t is assumed that f(o) i1s given by case &, equa-

tion ZB; mey be integrated in closed form and yilelds the following result

for M(ep):

H(ag) = ce 0/ | (a1)
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Equation (14) vyields a simple result for the number of pesks per second
exceeding given values of a,, in terms of the single-scale parameter of

the distribution of o. The value of the parameter ay is inversely pro-

portional to the slope of the line for M an /b when plotted on semilog-
arithmic paper and also gives the value of Gan below which 68 percent

of the asirplane flight time is spent. The linear varistion for the

log M(an) given by equation (14) is of considersble interest because
gust-load flight-test data on peask accelerations, under some conditions,
particularly where a limited range of weather conditions is represented,
tend to exhibit linear trends when plotted.on semilogarithmic peaper
(log M(an) as & function of an). This condition, however, does not

generally apply to operational date.

Case b.- The distributions of M(an) observed from operational

flights frequently exhibit a less rapld decrease of M(an) with increasing
a, than given by equation (14) and thus imply more variations in the

intensity of turbulence sampled and in particular a larger proportion of
flight under the more severe conditions of turbulence. The distribution
of f(c) for these cases might be more adequately represented by case b
or case c. Substituting the expression for case b in equation (8) yields
the following expression for the number of maximums exceeding any:

-En_z_az
[ © 20 2
M(an)=_/; 5‘22- e do (15)

A closed-form evaluation of the integral could not be found. Numerical
evaluations of the integral, however, are made readlily. If the substitu-
tion s = c/ag is made into equation (15) and both sides of the equation
are divided by C, there is obtained
2 1 .
Mf=a 23,22 16
(n)f 2 ds (16)

Equation (16) was evaluated for varlous values of (ana/%aaz) so that

M(an)/C could be determined for various values of ap. The results

obtained are shown plotted in figure 3. Operational gust loads data can
be plotted conveniently in figure 3 in order to determine whether they
adhere to the present distribution shape. (The plotting requires the
determination of the value of € which may be estimated from flight
records as described previously.) Only one of the eight cases (sample 2)
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appeared to follow this shape and is shown in the figure. The measured
distribution of peaks which included positive and negative pesks wes
divided by 2 for thie comparison. The appropriate values ap can be
obteined from the figure by interpolation and are seen to be roughly equal
to 0.036 for the operation plotted. This operation was a low-level
feeder-line operation which differed somewhat from the other operations.
In particular, this operation appeared to be characterized by extensive
flight time In low-altitude light turbulence with, however, less than the
usual exposure to more severe turbulence. The remalning seven operations
had a slower rate of decrease in M(an)/b with increasing ap,; this con-

dition suggested that case ¢ might be more appropriate.

Case c.- For case ¢, equation (8) becomes

—_— w L2 & 1
28529 0
3
Equation (17) could not be evalusted in closed form but was evaluated
numerically for various values of az. The results obtained for several

values of az are shown in figure 4. The operational-loads data for all

but one case of table I appear to be represented best by this case and
are with the exception of sample 2 shown in figure 4. Agaln, one-half
the measured distributions are plotted to be compareble with the calcu-
lated curves. The data for operation 1 do not appear to be too well
represented by these curves at low values of a, but were included here

inasmuch as the data for higher values of &, are more adequately repre-

sented by this case. This operation differed somewhat from the others
shown in this figure, because it was more 1n the nature of a feeder-line
operetion with a good part of the flight time spent at low altitudes.

The data shown in figure 4 appear generally to be approximated ade-
quately by the distribution shapes for this case. Values of az for each

of the operations were estimated by lnterpolation and are summarized in
table IV. The acceleration histories for these operations are thus
described by the probabllity distribution for case (3):

o
(o) = 2:‘52 e 0‘/&5 (o‘ 2 O)

where the appropriate values of az for each operation are given in
table IV. : e
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Distribution of Root-Mean-Square Gust Veloecity

In the foregoing, the overall airplane accelerstion history is given
in terms of either several discrete root-mean-square values of accelera-
tion and their associated percentage exposure times to each level or in
terms of a continuous distribution of root-mean-square acceleration. The
conversion of these results in terms of the airplane gust experience
would be desirable in order to provide a basis for the calculation of
load histories for other airplanes. In the following paragraphs, this
conversion problem is considered.

The root-mean-square gust acceleration in rough air is relasted to
the turbulence spectrum and the airplane response characteristics by

[}

2
°an2 =\‘/"0 °i(w)T (w)dm (18)
where
¢i spectrum of vertical gust velocity

T(w) aemplitude of airplane acceleration response to sinusoidal gusts
of unit amplitude

Since the root-mean-square acceleration obtained by the preceding
evaluation 1is seen to depend on both the spectrum of turbulence and the
airplane response characteristics, the root=mean-square acceleration is
apparently not sufficient to fix the turbulence spectrum. Several pro-
cedures appear possible for the anelysis of loads measurements for the
present purpose of deducing root-mean-square gust velocities. These
inelude the actual measurement of acceleration spectra and the calcula-
tion of the airplane frequency-response functlion. The turbulence spectrum
is then given by

¢, (w)

T2(w)

() = (19)

This procedure 1is extremely laborious and requires extensive calcu~
lations for the output spectrum ¢o(m); the reliability of the results

in turn depends upon the reliasbility of the calculsted airplane transfer
functions. At the present time, it is highly unlikely that the large
amount of work involved in this approach is warranted even if the avall-
able records were in a form which would permit this type of analysis.
Actually, the film speed used for the avallsble records was far too fast
to permit this type of analysis.
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As an alternstive, some simplifications appear warranted. As a pre-
liminary effort in this direction, it will be assumed thet:

(1) The airplane is rigid.
(2) The airplane is free to move vertically only (not pitch).

(3) As a first approximation, it will slso be assumed that the air-
plane Tlies at an average welght, altitude, and alrspeed, although in
particular cases a more detailed consideration of these factors might be
desirable. |

(h) The spectrum of vertical gust veloeity is given by

21 1+ 30°12

(1 + er2)? (20)

9:@) = o

where Q 1s a reduced frequency me in radians per foot and I 1is the
scale of turbulence. These assumptlons, slthough crude, should neverthe-
less provide some reasonsble spproximastions of the gust histories.-

For the foregoing conditions, a useful result obtaiged by Y. C. Fung
(ref. 2) is that

-2 2
Z = c;Uz _Tls_v——é I(X,s) (21)
x3°(1 + K)
where
—= i
yA root-mean-square acceleration
c mean chord
K alrplane mass parameter
S ratio of mean chord to scale of turbulence, &/L.

Since K >> 1 1in almost all cases of concern, equation (21) may be simpli-

fied to yield

.. ovem, [1(K,s)
n - U oy P14

(22)

Aoy
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where

_ pVSm, [I(K,s)
2W 7

A

In this representation, the three-dimensional slope of the 1lift
curve m has been used to replace 2x 1in order to account for the over-
all three-dimensional aerodynemic effects. In this form, observed values
of %a, may be used directly with the values of the airplane parameters

to determine oy. This calculation requires the determination of the value

of \/E&%&El. vhich may be considered to be a gust-response factor and is

shown in figure 5 as & function of the mass parameter K for various
values of s. For given operations (or, if necessary, portions of oper-
ations), an average value of mass parameter K would appear to be adeguate

since the value of Vligiil varies slowly with small variations in KX.

Average values of K were determined for the eight sets of operations

on the basis of an average altitude and an estimated average weight as -
indicated in table II. The use of average values for p, V, and W in
equation (22) would also appear adequate for present purposes.

The value of liﬁ;&l as noted also depends on the ratio E/I and

thus requires the choice of a representative value of L for present
purposes. It might be expected that the scale of turbulence would vary
somewhat with altitude and weather condition. Avallable spectral meas-
urements suggest that the value of L varies from perhaps 300 to over

1,000 feet. Since the quantity Ligiél can be seen to vary eppreclably
g

over this range of L values, two values of L = 400 feet and
L = 1,000 feet will be taken as representative and used in the sub-
sequent calculations. On the basis of these values of L and the mass-

parameter values previously determined, the values of liﬁ%ﬂl for the
elght operations were determined from figure 5 and are given in table IT.

For the case of discrete values of Cay s equation (22) permits the

direct evaluation of the assoclated values of root-mean-square gust

velocity o5 The results obtalned for oy for the eight operational

samples are also given in table IV. The gust experience for each of the
operations is thus seen to be represented by two or three root-mean-square

gust velocities along with their associated values of P, the proportion

of flight time asscoclated with each of-these values. This representation .
of the gust experience in terms of a few quantities, as will be discussed
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subsequently, 1s readily applicable to the calculstion of loads for other
airplanes operated in a similar manner.

For the case of a continuous distribution of rcot-mean-square accel-
eration, the asppropriaste distribution of root-mean-square gust velocity
is obtained from equation (22) by the relation for a change of variasbles
for probablility distributions and in terms of f(can) is given by

2(oy) = Kf(KUU) (23)
where &, = KUU. Thus, for example, for the continuocus distribution of
case b

A _ 1 "UU b2
f2(crU) =5y e / (o0 2 0) (2k)

where ‘n2 = aE/K. The one operational sample consldered to be represented
by case b, 1t will be recalled, ylelded a value of as equal to 0.036
which, in this case, gives & value of b, of 1.629 for L = 400 feet.

The application of equation (23) to the distribution fB(an) for
case ¢ ylelds

7
t (U )‘: A e-HAUU °3
> v 28, 2
>
or g (25)
” -\or /b
£5(%y) = e Foes
2oz J
where
b, = 2

> &
The appropriate values of b3 for the seven pertinent operations obtained

by means of equation (25) are given in teble IV for both values of L.
These values and equation (25), thus, give the probability distributions
of the root-mean-square gust velocity and define the proportion of total
£light time at various values of oy for the different operations.
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DISCUSSION

General Results

The foregoing analysis has served to indicate that the probability
distribution of the root-mean-square gust velocity experienced in opera-
tions can be related to the overall distribution of peak loads. In gen-
eral, this relation depends upon the power-spectral-density functions of
the turbulence and the frequency-response characteristics of the airplane.
By assuming that atmospheric turbulence is & Gaussian process with a sin-
gle parameter, the root-mean-square gust velocity, a simple relation is
derived between the number of peak accelerations experienced in operations
by a glven airplane and the probabillity distributlon of the root-mean-
square acceleration. This relation in conjunction with the relations
between the root-mean-square gust veloeity and acceleration provides a
basis for both estimating the peak loads from known probability distribu-
tions of root-mean-square gust velocity and, conversely, for estimating
the distribution of the root-mean-square gust velocitles from data on
peak loads.

The applications of these relations to operaticnal gust=load data
have provided estimastes of the distribution of root-mean-square accelera-
tion and root-mean-square gust veloclty for several sets of operations.
These distributions are given in two forms: first, for the discrete case,
in the simple form of-percent of the total flight time st two or three
discrete values of root-mean-square normal acceleration and root-mean-
square gust veloclty; and second, in a more detailed form of a continuous
distribution of the values of the root-mean-square acceleration and gust
velocity.

Quantitative Results

For the discrete case, the results cbtained indiecated that the dis-
tribution of root-mean-square gust velocity can be approximeted by two or
three levels of gust or load intensity and associated proportions of
flight times. The quantitetive results for the levels and proportions of
flight time for the turbulence experienced in a number of operations
varied considerably in this representation and are not comperable in sim-
ple terms. Comperison of the gust experience among the various operations
will therefore be deferred until the results for the continucus case are
discussed where such comparisons can be made directly.

Consideration of the values in table IV for the rooct-mean-square gust
velocities oy and for the associated proportion of flight time P indi-

cated considersble variation in the composition of the gust hilstory. For-
the assumed value of the scale of turbulence, L = 400 feet, the following
values appear to be roughly representative for the present type of oper-
ations: 0.6 percent of the flight time at o = 8 fps, and perheps 0.02 per-
cent at oy = 16 fps. For 10,000 hours of flight, these values yield

60 hours at Oy of 8 fps, 2 hours at oy of 16 fps. In addition, a smaller
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amount of the total flight, as indicated by some of the results in the

table, perheps a few minutes, may be spent at around 25 fps. The feeder-
line operations of sample 2 are represented by conslderably larger flight
time at a oy = 8 fps, 1.3 percent or 130 hours in 10,000 hours of flight,

with one-half hour at a U =15 fps. For L = 1,000 feet, the exposure

times are unchanged although the root-mean-square gust velocitles obtained
are increased by gbout 20 to 30 percent in the various operations.

The foregoing results were derived from gust statistics on accelera-~
tions above 0.3g. If a smaller threshold value had been used, say 0.1 g,
it is estimated that an additional linear component of the order of per-

haps 10 percent flight time at around oy = 4 feet per second would be

required to approximate the load history to these lower thresholds.

For the continuous case, seven of the eight samples considered seemed
to be represented best by the distribution of gust velocity glven by

ff(UU) = 2;12 e-vGEYb3 (oy 2 O).
3

with values of b3 varying from 0.294% to 0.312 for L = 400 and from

0.326 to 0.349 for L = 1,000 feet. In each case, the values of b5

varied by about ¥3 percent ebout an average value. This 3-percent varia-
tion in b3, when applied to a given airplane to determine acceleration

peaks, can be seen from figure 4 to give rise to 2:1 variations in the
number of larger peak loads. The implications of such variations in
loads experience are generally not considered significant. Thus, the
results appear to indicate that the overall varlations in the gust experi-
ence for these operations is not large.

The loads for one sample of data for low-altitude feeder-line opera-

tions was better approximated by a distribution of UU given by

B(o) = P2 (2o

with a value of b, = 1.63. This difference 1s attributed to the low-
altitude nature of this feeder-line operation which appears from table IV
to include & larger percentage of flight time in moderately rough air but
an unusually small percentage of the flight time at the more severe levels
of turbulence.
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Statistical Rellability of Results

Some remarks should be made 1n regard to the statistical relisbility
of the quantitatlive results derived for the gust experience. Since the
present results are based on relatively small operstional samples (of
the order of 1,000 hours), the statistical reliability of the desired
distributions of root-mean-square value 1is dependent upon the statisti-
cal relisbility of the acceleration data. Past experience has indicated
that these distributions are rellable for samples of this size at the
lower levels of acceleration (0.5g to 0.5g) but have poor statistical
relisbility at—the higher acceleration values. As a consequence, 1t may
be expected that the derived probabilities for the higher root-mean-square
gust velocities are only rough estimates and should be used only as a
guide. More reliable Information regarding the higher root-mean-square
gust velocities requires more extensive flight data although it may be
possible to supplement the present results by use of avallable NACA
V-G records. The extension of the present applications to include such
other date. is, however, beyond the scope of the present report.

Applicaetion to Load Calculation

The applicetion of the derived distributlions of root-mean-square
gust velocity to calculations of loads and other responses for new air-
planes requires considerable care in regard to both the airplane response
and operational considerations. It will be recalled that it was assumed
in the derivetion of the root-mean-square gust veloclties that the air-
plane was rigid and restrained in pitch although free to move vertically.
These assumptions are sdmittedly rough approximations and their effects
on the derived gust data require additional study. Extensions of the
present results to include the effects of these two additional degrees
of freedom appear possible, although they would involve a considerably
larger number of airplane and operatling parameters. It should, however,
be possible in the meantime to make some rough overall corrections to
the root=meen-square gust veloclities for some of these effects. For
example, for the airplanes considered in the present study, avallable
information suggests that the neglect of the dynamic structural response
effects on the center-of-gravity accelerations might be expected to have
resulted in roughly a lO-percent overestimation of the root-mean-square gust
velocities for most of the airplanes considered. The effects of the air-
plane pitching motions on the root-mean-square gust velocities for the
present airplanes are also generally considered small. It might be
expected that the pitching motions for the present airplanes would tend
to decrease the gust accelerations and thus tend to lead to some under-
estimation of the root-mean-square gust velocitlies. A rough estimate of
about 10 percent appears reasonable for this effect. Thus 1t 1s suggested
thet the overall effects of pitch and flexibility might largely cancel each
other. However, additional study of these effects is needed.
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The effects of assuming average conditions of weight, altitude, and
speed may also be expected to introduce some errors in the derived root-
mean-square gust velocities. The errors resulting from the assumptions
of average weight and altitude mey be expected to be small hecause these
errors should largely average out. The effects of speed variations are
in & somewhat different category lnasmuch as efforts are normally made
to reduce speed in rough air. For the operations considered herein, it
appears that the reductions in speed from normal operating speeds were
generally small and negligible at the lighter levels of turbulence. At
the more severe levels of turbulence, the alirspeeds were, on the average,
somewhat lower than normal operating speeds, but the reductions in most
cases were small, perhaps 5 to 10 percent. Thus, the distribution of
oy at the higher levels may be blased to this extent.

In the present analysis, no consideration has been given to the
effects of gust averaging introduced by the finite span. If the ratio
of the span to the scale of turbulence is large, these effects, as has
been indicated in reference 6, may be apprecisble. For example, for a
span of 150 feet and a value of L = 450, the results of reference 6 sug-
gest that the root-mean-square value of oy may be underestimated in the
present analysis by perhaps as much as 15 percent. For smaller values of
the ratio of the span to the scale of turbulence, the magnitude of this
discrepancy is considersbly smaller. If desirable, the incorporation of
these effects on an average basis would also appear straightforward.

Considerations in Applications

In view of the foregoing conslderations, the distribution of root-
mean-square gust velocity glven herein may be considered & reasonsble
first-order estimate of the characteristics of atmospheric turbulence
that are essentlally independent of the characteristics of the airplanes
involved. Thus, these gust spectra and root-mean-square gust-velocity
distributions can be reasonably applied in gust-load calculstions in
which the effects of pitching motions and flexibility are included in
the determination of the alrplane transfer functions. The relations
obtained in these cases between og, and oy would then replace the

result for the one-degree-of-freedom case given by equation (22) and
would be used in the transformation of the distribution of oy to the

distributions of oy  as given by equation (23).

Ioad calculstions based on a single-degree-of-freedom vertical motion
can be made simply by reversing the procedures followed in the foregoing
derivation of root-mean-square gust velocities. The steps involved are
the selection of the appropriate distribution of f(rJU) (using either

the results for the discrete or continuous case) and the transformation
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of this distribution in accordance with the rule for probability distribu-
tions in order to obtaln the associated distribution f(dan). For the

case of discrete values of oy, the contributions of all the turbulence

components to the number of peak accelerations must be summed to obtain
the overall distribution of peak accelerations. For the case of continu-
ous variations of o, the number of peak loads per second above glven

values can be obtained directly from figure 3 or 4 from the parsmeter
value of the distribution of root-meen-square acceleration, a, or 8%,
respectively.

Operational Considerations

The direct spplication of the foregolng results to new operations
assumes that the flight paths end the operational procedures would be
similar to those from which the gust data were derived. Actually, new
operations may be expected to incorporate modifications in operatlional
procedures which may modify the gust experience. §Some possibllities in
this regerd include higher operating altitudes, higher rates of climb
and descent which would result in less time exposure to the frequent
turbulence at low altitudes, turbulence avoldance through the use of
radar, and longer flights with associated larger proportions of flight
time at the relatively less turbulent higher altitudes. For such varia-~
tions in flight plan, the overall probability distribution of oy mey be

expected to differ from those obtained for the operations conslidered herein.
In order to obtain the required flexibility for calculations of gust=load
histories for such variations in operational procedures, information on

the variations of the probabllity distribution of oy is required in

greater detail than given herein. Informetion on the variations of the
distribution of oy with altitude, geography, and possibly with the type

of weather condition may be necessary. For trend studies, 1t might be
possible in the meanwhile to make reasonable estimates of the effects on
the distribution of oy of some variations in flight plan from available

gustw=loads data. For example, for a high-altitude jet-transport operatlon,
the proportion of the total flight time at the various discrete values of
oy nmight be expected to be decreased somewhat from that obtained for the

present operastions. The amount of decrease can perhaps be estimated from
a comparison of the sltitude flight plan with that for the present
operations.

The effects on gust loads of reductions in airspeed in rough air nay
also be important in some cases. Although the present data, as previously
mentioned, are to some extent blased by reductions in airspeed in rough
air in the present operatlons, the speed reductions appear generally
emall. In some operstions, it may be possible to achieve pronounced air-
speed reductions under the more severe conditions of turbulence by use of
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radar or low airspeeds in climb and descent. The effects of such airspeed
reductions would, of course, be important and require consideration in
ecalculations. The effects of such variations in ailrspeed practices can
be accounted for by permitting the quantity E in equation (23) to vary
with og. Similar means could presumebly also be used to account for wide

variations in weight and altitude. These operational considerations war-
rant additional study in order to determine the best methods of incorpo-
rating these factors in load calculstions.

CONCLUDING REMARKS

The foregoing analysis has served to indicate that the probability
distribution of the root-mean-square gust velocity experienced by an air-
plane in normal operations can be related to the overall distribution of
peak loads experienced in operations. These relations were then used to
derive estimates of the probability distribution of root-mean-square gust
veloeity from availsble measurements of peak accelerations in normal opera-
tions. The procedure used was to derive the probability distributions of
root-mean-square acceleration from the data on peak accelerations. By
using the relation between root-mean-square gust veloclty and acceleration,
this probebility distribution was then transformed in order to obtain the
probability distribution of root-mean-square gust velocity. The airplane
gust-response theory was limited in this investigation to one degree
of freedom (vertical motion only) and a simple analytical expression for
the power spectrum of atmospheric turbulence was used. The effects of
other asirplane degrees of freedom such as pitch and wing-bending flexi-
bility on the derived results are also considered briefly and it is indi-
cated that their overall effects on the reliability of these results is
probably small. On this basis, it appears reasonable to conslder the
derived probability distributions of root-mean-square gust velocity to be
largely independent of the airplane gust-response characteristies. Thus,
these results may be applied to the calculation of loads and other air-
plane responses in operational flight in which the effects of pitching
motions and airplane elasticity are included in the determination of the
airplane transfer function. :

The application of the distributions of root-mean-square gust velocity
derived herein to calculations for new operstions 1s also considered
briefly and it is indicated that in such applications care is required in
regard to such operational factors as altitude flight plan and alrspeed
practices, inasmuch as these data were derived from specific types of
operations. As a consequence, new operations which incorporate different
operational patterns particularly in regard to eltitude may be expected
to experience somewhat different turbulence histories. Also, modifications
in regard to airspeed practices in rough air mey require more detailed
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considerstions. The best means of accounting for such operational factors
appear to warrant further study.

Lengley Aeronautical Iaboratory,
National Advisory Committee for Aeronsutics,
Langley Field, Va., October 22, 195k.
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APPENDTX

REIATIONS BETWEEN PEAK COUNTS AND SPECTRA FOR A

GAUSSIAN RANDCGM PROCESS

In the present analysis, use is made of the relations between the
number of maximums per second and the spectra for a Gaussian random process.
These relations are derived in reference 13 snd are summarized herein in
order to permit the exmmination of the relisbility of the approximate
expression used in the body of the paper.

Number of maximums.- The probablliity P that a Gaussian random proc-

ess y(t) will have & meximum intensity ranging from Yy to y1 + dyy
in the time iInterval t +to t + dt 1s given in reference 13 as

1f2 . 2
p, = dy; dt (em)™' " |M|l/2 o Muyl/lel N
M
33
1f2 4 2 g
Ml3yl(2'bzt ) I © B /2% Lo ert MB lll2 (A1)
3% (2]M]M53)

where the error function is

o 2y -2°
erf 4. = ——l/h e daz
1 nvQ

and the coefficlents Mij can be expressed in terms of the value at zero

of the autocorrelation function (v) and its derivatives as
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’
)
M, ="%Y
2
M5 = (“’o")
g (A2)
M35 = -¥o¥o"
1] = -¥" [wo(“) - (*o")zJ
y

where

T

¥(r) = 1lim %f y(&)y(t + 7)at
T —>w -T

and wo" and *O(h) are, respectively, the values at 0O of the second

and fourth derivative of the autocorrelation function ¥(t). The values
at zero of the autocorrelation function and its derivates are in turn
related to the power-spectral-density function &(w) by the following
relations:

¥, =fo°° o (w)de

[+

—WO" =\j; w?¢(w)¢w

N

(43)

Wo(h) = JCm w&¢(w)dw

>,

Equation (Al) is rather unwieldy, but two simple results of interest
may be obtained from it. The first result, the expected number of maximums
per second, Nb, is obtained by integrating over vy from - to o and

over t for a time of 1 second to obtain
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ééo(n)/_*on)lle )

© l/2
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0
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J

The second result is an asymptotic expresslon for large Y1 for the num-
ber of mexima per second N(yl) exceeding given values of ¥qs which can
be obtained by integrating an asymptotic approximation to Py from ¥

to =; the result, given in reference 13, 1s

1

L1o\1l2 -y,B/2y,
N(y) ‘é;("l’o 1I’o) e l/ ©

(A5)

v

w 1fe
2
@ (w)dw 2
1 \/; @e e'Yi /2¢b

ajt/;m @ (w)dw

It is of interest to note that the right-hand side of equation (A5) is
also the exact expression for the number of crossings per second with
positive slope of given values of yq-

Equation (A5) is the basic relation used in the present analysis for
the number of peaks per second exceeding given values of Yq- Since it

is an approximetion for this purpose, the magnitude of the errors intro-
duced in the present analysis by its use is of interest and is considered
in the remainder of the appendix.

Reliability of the approximation.- Past experience has indicated that
in gust~load applications, the approximstion given by equation (A5) is in
most cases good for values of yl/c > 2. TFor values of yl/b < 2, equa-

tion (A5) tends to underestimate the number of peak loads to some extent.
The magnitude of these errors does not, however, appear to be large and,

as will be indicated, has only a very small effect on the relisbility of

the present analysis.
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The magnitude of the error inbtroduced by the approximstion for small
values of Yy /U may be indicated by considering the ratio N(O) to the
total number of peaks N,. From equations (A4) and (A5), this ratic is
given by

f " a°0 (w)dw
N(O) _ o]

N 1/2 1i/2 |
P o
h
(/; I Q(w)dw)

()

For a low-pass fillter, which sppears to describe roughly the response of
e relatively rigid airplane to turbulence, equation (A6) reduces to

(46)

N(0) .
—_l = !5 ~ 0.75 . (A7)
Né 3

The quantity Np,
negative values of ¥y For the low-pass-filter case, the resulis of

reference 13 indicate that about 15 perceit of all maximums are at negative
values of Iy Thus, the approximation of equation (A5) appears to be

which gives all the maximums, includes some maximums &t

roughly 10 percent low for the low-pass-filter case at yl/c = 0. For
increasing values of yl/U, this error decreases rapidly and is less than
3 percent at yl/c = 0.5.

For moderstely flexible alrplanes of the type considered in the pres-
ent study, the degree of underestimation of the asymptotic formula is
somewhat larger than for the band-pass case. In this case, calculaetions
indicate that equation (A5) appears to underestimate the number of peaks
by about 30 percent at yl/c = 0, 10 to 15 percent at yl/c =1, and 2

to 3 percent at yi/c = 2. The effect of these errors is, however, con-

siderably mitigated in the present applications for the following reason.
The total number of peak accelerations exceeding given values is seen
from equation (8) to depend in principle upon the whole distribution of
root-mean-square values. Actually, for the particular exponential-type
functions for f(o) considered in the present analysis, the principal
contributions to Mzan) arise from values of an/oan that range from

about 1.5 to 3.0. Thus, the asymptotic expression is being applied
princlpally over the region where the underestimation is only a few per-
cent. Therefore, the errors introduced in the present anelysis by the
use of the asymptotic formula (equation (A5)) can be considered
negligible. : .
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TABIE I
SCOPE COF OPERATIONS
Flight Flight
Operation Route hours miles

1 Northern trans- 834.28 186,120
continental

2 Rocky Mountalns — 331.10 k9,231
North .and South

3 Southern trans- T66 .45 148,774
continental

4 90 percent east of T70. 77 173,693
Mississippi River

5 New York to Europe — 1078.5 284,000
New York to South
America

6 Sen Francisco to 1958.0 488,000
Honolulu

T Northern trans- 875.5 235,300
continental

8 Southern trans-~ 706.45 193,378
continental
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PARIE IT

ATRPTANE AWD OFERATTOMAL CHARACFERIAFICS

Gross Aversge Aversge Average Average air |Alrapeed, Mess | 7 200; |L = 1,000;

Operetion mi@;ﬁh, W, Wigl::lrtb, u, a.r:;,ﬁs, ehm'gé &, | flight ;i.titude, gﬁ:;:toﬂ :r:" ﬁy;ec per ‘;}adm pa.rmxntar, 1(K,s) M
x L 3
1 39,900 33,915 864 10.1 5,000 0. 002049 327.2 5.0 75.00 | 0.550 0.k11
2 25,200 21,420 BT 10.% 3,000 . 002176 218.1 h.g2 37.91 S «293
3 40,500 3,425 a7 9.7 5,000 002049 281.0 5.03 83.83 ST o6
5 90,000 76,500 1,650 1lih7 10,000 001756 330.5 k.93 T2.12 506 58
5 142,500 121,125 1,720 2.9 12,500 .oolbez 86,2 5.12 133.08 672 56T
é 142,500 121,125 1,720 12.9 12,500 .001622 365.6 5.12 133.08 672 56T
T 142,500 121,125 1,720 12.9 12,500 . 001622 3.2 5.12 133.08 672 S6T
& 89,900 6,415 1,463 3.7 12,100 .001653 hol.5 L, 91.20 ") A9

ne

29¢¢ NI VOWN
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TABIE IIT

NUMBER OF ACCELERATION PEAKS EXCEEDING GIVEN VATUES

Cumulative Frequency for Various Qperationsl
= 1 2 3 L 5 6 7 8
0.3 | 20,609 {19,483 |5,595 | 1,888 | 659 612 |909 |1,287
10 N . 4,632 | 1,350 427 | 152 132 178 232
. 1,205 | 1,288 365| 118| 40 31 40 60
6 377 370 | 104 LW | 13 10 i 18
T 12 100 31 17 5 b 5 6
.8 b7 35 16 6 2 2 | eem-- 1
.9 26 9 5 2 1 1 e el
1.0 7 3 p-3) R I P R
1.1 L} cmeeea =3 J—— 1 JUEVRPREVI NS PR
1.2 2% [N DU [ PN J— p—
1.3 i ) [ . R T e
Total 834 | 331.1|676.5| 770.8 | 1078.5 | 1953.% | 875.5| T06.5
flight
hours

INumber includes both positive and negative pesaks.
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PABIE IV
RESUITS FOR VARIOUS OPERATICNS
(a) Sumery of acceleration experience
Acceleration experience for operation —

1 2 3 b 5 6 7 8
uanl 0.h30 0.287 0.323 0.278 0.349 0.36k 0.253 0.226
%an, 0.247 0.181 0.281 0.147 0.178 0.1T2 0.132 0.128
%ans 0.147 ——— ——— o ———— o:mu ————— ———
¥, (20) | 5.3 x 2076 [1.35 x 20™ | 1.35 x 207 [ 1.9 x 10 9.5 x 2077 |4.6x 20 |9.5x 106 | 2.85 x 1070
uy(205) | 3.2 x 10 | 6.2x 1073 | 8.5 x 107 |8.2x 107 [6.6x 103 [5.7x 105 |54 x 10 [1.15 x 207

- b
M3(263) 7.4 x 1073 3.0 X 10™
¢ 1.5 1.0 1.5 0.5 0.5 0.5 0.5 0.9
2c, 0.406 0.270 0.406 0.135 0.135 0.135 0.135 0.135
Py 1.06 x 1073 |4.99 x 107% [ 5.33 x 1075 | 1.42 x 20°% [ 7.0k x 1076 | 5.4 x 208 | 7.0% x 2075 2.11 x 107*
P, 7.88 x 107*|1.29 x 1072 | 2.09 x 10~3 | 6.07 x 1073 | 1.89 x 107* | 2. 74 x 20°* | %.00 x 1077 | 8.52 x 1073
P 1.82 x 102 2.22 x 1070 | -
P ©.036 -
ax 0.045 ———————— 0.0425 0.0415 0.0385 0.036 0.039 0.0k
(b) Summary of gust experience for L = 40O ft
Gust experience for operation —

L 2 5 4 5 6 7 8
Iy 0.0235 0.0221 0.0196 0.0181 0.0153 0.0145 0.0156 0.019%
Ty 18.298 12,990 16.480 15.359 22.810 25.103 16.346 11.590
Oup 10.511 8.190 9.235 8.122 11.63% 11.793 8.461 6.039
6“5 6.255 T.172
L 1.629 — ————
by (o 70-1-T S SO —— 0.304 0.309 0.312 0.299 0.312 0.29%

(c) Summary of gust experience for L = 1,000 ft
Gust experience for operation —

1 2 3 L 5 6 T 8
x 0.01755 0.0158 0.0146 0.0141 0.0129. 0.0122 0.0132 0.0156
%y 24,501 18.211 22,063 19.6Th 27.033 29.787 19,547 1k.515
%y 14,07k 11.483 12.363 10.403 13.788 13.993 10.015 8.221
%us 8.376 8.511 -—
'b2 2.28%
by (Y5177 S (O— 0.351 0.349 0.339 0.326 0.340 0.529
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(a) Operation 1.
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(f) Operation 6.

Figure 1.~ Continued.
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Figure 2.- Comparison of three assumed distributions.
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